Adenine phosphoribosyltransferase (APRT) deficiency is a rare autosomal recessive disorder causing 2,8-dihydroxyadenine stones and renal failure secondary to intratubular crystalline precipitation. Little is known regarding the clinical presentation of APRT deficiency, especially in the white population. We retrospectively reviewed all 53 cases of APRT deficiency (from 43 families) identified at a single institution between 1978 and 2009. The median age at diagnosis was 36.3 years (range 0.5 to 78.0 years). In many patients, a several-year delay separated the onset of symptoms and diagnosis. Of the 40 patients from 33 families with full clinical data available, 14 (35%) had decreased renal function at diagnosis. Diagnosis occurred in six (15%) patients after reaching ESRD, with five diagnoses made at the time of disease recurrence in a renal allograft. Eight (20%) patients reached ESRD during a median follow-up of 74 months. Thirty-one families underwent APRT sequencing, which identified 54 (87%) mutant alleles on the 62 chromosomes analyzed. We identified 18 distinct mutations. A single T insertion in a splice donor site in intron 4 (IVS4 ϩ 2insT), which produces a truncated protein, accounted for 40.3% of the mutations. We detected the IVS4 ϩ 2insT mutation in two (0.98%) of 204 chromosomes of healthy newborns. This report, which is the largest published series of APRT deficiency to date, highlights the underdiagnosis and potential severity of this disease. Early diagnosis is crucial for initiation of effective treatment with allopurinol and for prevention of renal complications.
Adenine phosphoribosyltransferase (APRT) is a purine salvage enzyme that catalyzes the formation of 5Ј-AMP and pyrophosphate from adenine and 5-phosphoribosyl-1-pyrophosphate ( Figure 1A) . In APRT deficiency, [1] [2] [3] adenine is oxidized by xanthine oxydase to 2,8-dihydroxyadenine (2,8-DHA), a highly insoluble compound that crystallizes in urine. 2, 4 APRT deficiency is an autosomal recessive disorder, and patients with homozygous or compound heterozygous APRT mutation produce large amounts of 2,8-DHA, leading to urolithiasis and renal failure. Tools for diagnosis include stone analysis, identification of typical 2,8-DHA crystals in urine or renal biopsy, and measurement of APRT activity in erythrocytes. Early diagnosis of the disease is critical because patients may develop renal failure [5] [6] [7] that may be efficiently prevented by allopurinol, a xanthine oxydase inhibitor. 8 Two different types of APRT deficiency have been described 2 with similar clinical expression and complete APRT deficiency in vivo, but they have been distinguished on the level of enzyme activity in cell extracts in vitro. Type I (complete deficiency in vivo and in vitro) has been reported in various ethnic groups and predominantly affects the white population. 9, 10 By contrast, type II (complete deficiency in vivo but partial deficiency in vitro) has been observed almost exclusively in the Japanese population. 11 The aprt gene located on chromosome 16q24 is approximately 2.6 kb long and contains five exons. 12 Mutant alleles responsible for the disease have been classified as APRT*Q0 for type I and APRT*J for type II. APRT*Q0 represents a heterogeneous collection of mutations, [13] [14] [15] and patients with type I deficiency are either homozygous or compound heterozygous for these mutations. APRT*J is a single-mutant allele with a missense mutation in exon 5 (Met136Thr), 11, 16 and patients with type II deficiency have the genotype APRT*J/ APRT*J or, more rare, APRT*J/ APRT*Q0. 17 Data on clinical presentation and diagnosis of APRT deficiency are scarce and limited to case reports and one small series, 10 especially in the white population. We present here the results of a study undertaken with the aim of describing clinical and diagnostic features, genotype, and follow-up of patients with APRT deficiency in a large French cohort.
RESULTS

Patients with Diagnosis of APRT Deficiency
APRT deficiency was found in 53 patients from 43 families during the studied period (Table 1 ). Age at diagnosis ranged from 0.5 to 78.0 years, and median age was 36.3 years (range 6.4 to 50.5 years). Thirty-three (62.3%) patients were older than 16 years at diagnosis (Figure 2A ). Tests leading to diagnosis are detailed in Table 1 . For some patients, several of these tests were simultaneously performed and led to the diagnosis (e.g., crystalluria and stone analysis). For five (9.4%) patients, diagnosis was directly made by APRT activity measurement in the setting of familial screening.
At time of diagnosis, all urine samples examined were positive for 2,8-DHA crystals. In most crystalluria samples, 2,8-DHA crystals appeared typically round and reddish-brown and showed characteristic central Maltese cross pattern on polarized light microscopy ( Figure 1Ba ). The number of 2,8-DHA crystals/mm 3 in untreated patients was 1177 Ϯ 384. Renal biopsies performed in patients with renal failure showed that 2,8-DHA crystals precipitated, causing severe tubulointerstitial injury ( Figure 1B, b and c) . By morphologic examination, 2,8-DHA stones were reddish-brown turning gray when drying and were friable (Figure 1Bd ). Infrared spectroscopy confirmed their composition. APRT activity in erythrocytes was measured in 40 (76.9%) individuals, all demonstrating complete deficiency. Of note, two (3.9%) of these individuals were totally asymptomatic.
Clinical Presentation at Diagnosis of APRT Deficiency
Full clinical data were available for 40 patients from 33 families of our cohort ( Table 2 ). All were found with null APRT enzyme activity, and molecular study of aprt gene was performed for 38 patients (31 families).
Median age was 28.9 years (range 5.6 to 51.0 years), and 25 (62.5%) were older than 16 years at diagnosis. History of consanguinity was reported in five (15.1%) families. Thirty-six (90%) patients had a history of urolithiasis at diagnosis. Median age at first episode of urolithiasis (known for 32 patients) was 12.5 years (3.1 to 35.0 years). Number of episodes of urolithiasis that occurred before diagnosis was highly variable, and 17 (42.5%) patients had undergone urologic procedures (detailed in Table 2 ). Delay from first episode of urolithiasis to diagnosis was extremely variable, ranging from 0 to 43 years, with a median time of 1.5 years (0.0 to 17.2 years).
One (2.5%) patient presented with acute renal failure, and 13 (32.5%) had chronic renal failure. Six (15%) patients had reached ESRD requiring dialysis or renal transplantation before diagnosis of APRT deficiency was made. Serum creatinine level (SCr) at diagnosis, known for 31 of 34 patients without ESRD, was 70 mol/L (range 47 to 112 mol/L). Distribution of patients by renal function stage is summarized in Figure 2B .
In five of six patients who had reached ESRD and underwent transplantation before the diagnosis was made, APRT deficiency was diagnosed in the setting of severe renal allograft dysfunction caused by intratubular and interstitial precipitation of 2,8-DHA crystals. In four of them, identification of 2,8-DHA crystals by Fourier transform infrared microscopy in renal graft biopsy led to diagnosis. Interestingly, the review of native kidney biopsy performed before ESRD revealed the presence of 2,8-DHA crystals, which had been misinterpreted as unspecific findings, in one of these patients. In another patient who underwent transplantation, APRT deficiency was detected through APRT activity assay only once the disease was diagnosed in his brother. Of these five patients who underwent transplantation and had severely impaired renal function at time of diagnosis, two returned to dialysis and the other three patients had SCr level ranging between 400 and 450 mol/L. In the sixth patient who underwent transplantation, 2,8-DHA crystals were detected by crystalluria at day 3 after transplantation, whereas SCr level was 123 mol/L. Allopurinol therapy was started, and renal function remained stable.
APRT deficiency was diagnosed in two (5%) asymptomatic individuals. In one individual, 2,8-DHA crystals were fortuitously discovered in urine of a 7-year-old girl. The other individual was a 15-year-boy who had a 6-year-old brother with 2,8-DHA urolithiasis and was found with null APRT activity in Table 1 . (B) Repartition of patients depending on renal function at diagnosis and last follow-up. Data are provided for the 38 patients described in Table 2 . eGFR, estimated GFR by MDRD formula.
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Follow-up after Diagnosis of APRT Deficiency
Data on follow-up after diagnosis of APRT deficiency were analyzed for all 40 patients described (Table 3) . Median duration of follow-up was 74 months (range 14 to 112 months). Thirty-five (87.5%) patients received long-term allopurinol therapy. Two patients were prescribed allopurinol but rapidly stopped taking this drug of their own. In three patients, diagnosis was made only recently and allopurinol was not started yet. Allopurinol dosages given (known for 22 adults and 11 children) were relatively similar for all patients. Median dosage was 300 mg/d (200 to 300 mg/d) in adults and 10 mg/kg per d (9 to 10 mg/kg per d) in children. Stone recurrence occurred in six (15%) patients, five of whom were receiving allopurinol. Crystalluria studies repeated during follow-up revealed a marked decrease in the number of crystals (67 Ϯ 8 versus 1177 Ϯ 384/mm 3 ; P Ͻ 0.0001) and even crystalluria disappearance in 39 (60.9%) of 64 urine samples. Thirty (75%) patients required urologic procedures, in most cases for treating stones that had formed before diagnosis rather than new stones (Table 3) .
Two (5%) patients with ESRD at diagnosis underwent renal transplantation during follow-up, and allopurinol therapy prevented recurrence of crystalline nephropathy in both. Two (5%) patients reached ESRD during follow-up, raising the total number of patients with ESRD to eight (20%). One of these had severe renal failure when diagnosis was made (SCr 500 mol/L) and reached ESRD 159 months later despite allopurinol therapy. The other had SCr of 70 mol/L at diagnosis but developed ESRD 101 months later (no data were available regarding adherence to allopurinol therapy). In the other patients, renal function remained stable or even improved during follow-up.
Median SCr level at last follow-up in patients without ESRD (available for 30 of 32 patients) was 80 mol/L (54 to 119 mol/L). Distribution of patients according to renal function is summarized in Figure 2B .
Molecular Study
The five exons and flanking regions of aprt gene were amplified by PCR and then sequenced in 38 patients belonging to 31 of 33 families with detailed phenotype. Mutations at the genomic level and their expected effect on protein and the geographic origin of families are summarized in Table 4 . In all, 54 (87%) Data regarding follow-up for the 40 patients described in Table 2 are provided here. Molecular study was performed of 38 patients from 31 families. All cases were confirmed by APRT activity assay demonstrating null activity in erythrocyte lysates. Geographic origin of father and mother are indicated for each kindred. Gene region mutated and nucleotide changes in genomic DNA and their consequences on protein sequence for the two mutated alleles are provided for each family. ND, no mutation detected. References are indicated for the four previously reported mutations (IVS4 ϩ 2insT, 1A3 G, 1350A3 T, and 2176 -2178delTTC). See references 12, 13 for gene annotation. mutated chromosomes were found on the 62 chromosomes analyzed. Eighteen different mutations were identified (Table 4). Of these, 14 are not yet described. Two mutated alleles were detected in 24 families. Of these, 13 families were carrying a homozygous mutation and 11 families had compound heterozygous mutations. The most prevalent mutation, a single T insertion in intron 4 splice donor site named IVS4 ϩ 2insT (Figure 3) , accounted for 25 (40.3%) chromosomes. Aberrant splicing at this site causes a deletion of exon 4 from mRNA, leading to a frame shift and a truncated protein of 109 amino acids instead of 180 named Ala108GluX3 (Figure 3) . To study the prevalence of IVS4 ϩ 2insT mutant allele in the general population, we performed molecular study of 102 healthy newborns. IVS4 ϩ 2insT mutation was found in two (0.98%) of 204 chromosomes examined. Other mutations were not found in 20 chromosomes analyzed from a control population.
DISCUSSION
APRT deficiency was largely described in the Japanese population (type II deficiency) but rarely in other ethnic groups. The only series of cases in a non-Japanese population is the one reported by Edvardsson et al., 10 who described clinical features of 23 Icelandic patients (16 families) who all carried the same homozygous mutation (Asp65Val). Cases of APRT deficiency were only exceptionally reported in all other occidental countries, including US and European populations. 18 More than 15 years ago, we drew attention to the underdiagnosis of APRT deficiency in the white population, considering the surprisingly small number of cases reported in contrast with a homozygosity at APRT locus estimated between one in 50,000 to one in 100,000. 19 The most plausible explanation for this was that APRT deficiency may be largely unrecognized, which could be related to insufficient knowledge of the disease by clinicians involved in the treatment of patients with urolithiasis and/or renal failure. Our report, which represents the largest series of APRT deficiency, highlights the potential severity of the disease and the crucial importance of early recognition to prompt treatment and prevent renal complications. Several diagnostic tools are helpful in identification of APRT deficiency. Stone analysis combining morphologic examination by stereomicroscope and infrared spectroscopy allows identification of 2,8-DHA in virtually all cases and should be systematically performed when a stone is available. 20, 21 Biochemical stone analysis should not be performed because this method does not differentiate 2,8-DHA from uric acid. Confusion between 2,8-DHA and uric acid stones is frequent, because both are radiolucent.
Whereas false-negative results have been exceptionally reported, 10 in our experience, crystalluria revealing typical 2,8-DHA crystals is a highly sensitive (100%) and specific test. Therefore, crystalluria is a key diagnostic tool, as emphasized in the diagnostic algorithm (Figure 4) .
APRT deficiency is an inborn error of metabolism often symptomatic during childhood. Despite this, the delay in diagnosis in many cases was one of the most striking of our findings. Half of our patients were older than 40 years at the time of diagnosis. These findings are in accordance with those reported by Edvardsson et al. 10 For some patients, the reason for a late diagnosis was a delayed presentation. In our study, first stone occurred later than age 35 in 25% of patients. A minority of patients had no history of urolithiasis, and some of them had decreased renal function secondary to intratubular precipitation of crystals. This is consistent with previous reports indicating that APRT deficiency may be asymptomatic in up to 15 to 20% of patients. 2, 10, 19 Diagnosis was also delayed in many patients who were symptomatic for years. Renal function was altered in 14 (35%) patients at time of diagnosis. Six (15%) patients reached ESRD before diagnosis, and APRT deficiency was detected only after renal transplantation. Recurrent crystalline nephritis, identified through graft biopsy, caused severe and irremediable allograft dysfunction in all except one case diagnosed early after transplantation. Similar cases in renal transplantation have been previously reported. 5, 7, 22 Altogether, these catastrophic cases emphasize the underrecognition of APRT deficiency by clinicians despite the armamentarium available.
A few years ago, a study by our group estimated the overall proportion of urolithiasis-related ESRD to be 3.2%, hereditary diseases (including primary hyperoxaluria type 1 and cystinuria) accounting for 13.3% of cases. 23 The proportion of ESRD cases related to APRT deficiency is unknown and usually con- sidered to be negligible; however, this probably should be reconsidered in view of our results.
Treatment of APRT deficiency relies on allopurinol therapy, along with high fluid intake and low-purine diet. Alkalinization is useless, because 2,8-DHA is insoluble over a wide range of urinary pH. The majority of our patients were given allopurinol once the diagnosis of APRT deficiency was made. This treatment was well tolerated and seemed highly beneficial in most patients. A minority of patients experienced stone recurrence or renal failure under allopurinol therapy, but data regarding drug observance and adherence to dietary guidelines, namely water and purine intake, were not available. No firm guidelines can be drawn from our study about the amounts of fluid and purine that should be recommended. Our patients are usually advised to drink at least 2.5 L/d water and to avoid purine-rich food.
The strong decrease in crystal numbers observed under allopurinol suggests that crystalluria could be a valuable tool for treatment monitoring. In most patients, renal function remained stable or even improved under allopurinol therapy; however, overall, eight (20%) patients reached ESRD and only 60% of the patients had estimated GFR Ͼ60 ml/min per 1.73 m 2 at last follow-up.
The factors underlying the high interfamilial but also intrafamilial variability observed in the disease severity remain unclear. Dietary habits, namely purine amount and water intake, are likely to be involved. In our experience, acute dehydration episodes (e.g., during gastroenteritis) can provoke oliguria, crystalline precipitation, and acute renal failure. Crystallization inhibitors, such as osteopontin, an inhibitor of 2,8-DHA crystal deposition, may modulate APRT deficiency severity as reported in an animal model. 24 The aprt gene (16q24) encompasses 2.8 kb of DNA, contains five exons, and has a coding region of 540 bp. 12, 25 Various germline mutations reported include missense, 13, 16, 25, 26 nonsense, 25, 27 insertion or deletion, 15, 17, 25 and mutation at the splice junction site leading to abnormal mRNA splicing. 15, 25, 28 Approximately 90 families with type I defect, predominantly white individuals, have been reported from many different countries, including Ͼ30 from Japan. The type II deficiency has been identified in Ͼ70 other Japanese families. 2 Two thirds of our families originated from metropolitan France; however, some families originated from Martinique, Poland, Italy, Spain, Turkey, Lebanon, Canada, and African countries, suggesting that APRT deficiency affects people worldwide.
In this study, molecular analysis identified 54 mutated alleles on 62 chromosomes analyzed. The most prevalent mutation was IVS4 ϩ 2insT, resulting in aberrant splicing of exon 4 and a truncated protein Arg108GluX3. IVS4 ϩ 2insT accounted for 40% of mutations and was found in heterozygous or homozygous state in 20 of the 31 families studied. IVS4 ϩ 2insT was identified previously in several families from Europe. 2, 15, 18, 29, 30 This mutation occurred on the aprt allele carrying the polymorphic TaqI site, suggesting a founder effect 2, 13 in some families but not all. 30 In the white population, two common aprt mutations show uniform associations with highly polymorphic restriction sites for TaqI and SphI, 31 namely a missense mutation in British and Icelandic patients 13, 30 and IVS4 ϩ 2insT, which seems to be the most common cause of APRT deficiency among white individuals. 14, 15, 25, 29, 30 Of note, IVS4 ϩ 2insT mutation was detected only in families from metropolitan France and one Italian family. Families from other countries carried other mutations at homozygous state, suggesting consanguinity. When observed by microscopy in urine samples or renal biopsy in patients with crystalline nephropathy, crystals should be studied by Fourier transformed infrared microscopy, which represents a highly specific and sensitive technique. In a second step, diagnosis of APRT deficiency must be confirmed by measure of APRT activity level in erythrocyte lysates. APRT activity assay may also be helpful in patients without analyzable stone, especially when crystalluria cannot be studied (e.g., patient with anuria; technique not available). Aprt gene analysis, although not necessary for diagnosis, may be performed to identify mutations.
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Interestingly, Asp65Val, which was found in homozygous state in all 16 families of the Icelandic cohort, 10 was found in only one of our families (Spanish). By contrast, Met136Thr, the mutant allele responsible for type II phenotype in Japanese, 32 was not found in our European population.
We failed to identify eight (13%) mutations in our families, whereas complete APRT deficiency was demonstrated by null APRT activity in all patients. We focused on coding regions and intron/exon junctions, and mutations not found could be located in promoter region or large deletions in one allele.
No clear correlation between phenotype and genotype was found in our study; however, such analysis was made difficult by the important heterogeneity in the treatment of patients, which strongly influenced potential indicators of severity (e.g., renal failure occurrence). Once APRT deficiency is diagnosed in a patient, screening of the kindred is recommended. Considering the autosomal recessive transmission, investigations should be focused on siblings. APRT activity, the most specific and sensitive test, should be performed. We found that firstdegree relatives heterozygous for aprt mutation had residual APRT erythrocyte activity (20 to 25% of normal value) and were completely asymptomatic (data not shown), as previously reported. 33 The APRT enzymatic deficiency has an estimated frequency of heterozygosity ranging from 0.4 to 1.2% in a healthy white population 34, 35 ; expected homozygosity should range from one in 50,000 to one in 100,000. 2, 19, 36 IVS4 ϩ 2insT, which accounted for 40% of mutations in our patients with APRT deficiency, was found in two (0.98%) of 204 healthy newborn chromosomes. This suggests that the prevalence of complete deficiency could be far higher in the French population than estimated from previous reports in other countries. Further studies will be necessary to confirm our findings.
In summary, our study shed light on clinical features associated with APRT deficiency. Delayed diagnosis can result in deterioration of renal function and even ESRD. We hope that our series, the largest yet published, will help clinicians in early detection of difficult cases by the mean of the different diagnostic tools available.
CONCISE METHODS
Study Population
We retrospectively reviewed all cases of APRT deficiency identified between 1978 and 2009 in the biochemistry laboratories of the Necker Teaching Hospital (Paris, France), which are referral centers for urolithiasis and purine metabolism. Most patients were not followed at Necker Hospital, but blood and/or urine samples were sent from other centers. Patients were identified through the computerized records of the biochemistry laboratories. Diagnosis of APRT deficiency was made on the basis of one or several of the following items: (1) Identification of typical 2,8-DHA crystals in urine, (2) stone analysis, (3) identification of 2,8-DHA crystals in renal biopsy sample, or (4) null APRT activity in blood erythrocytes. When available, patients' medical charts were reviewed to collect data, such as age and clinical presentation at diagnosis and at the first clinical manifestation, ethnic group, familial history, renal function evolution during follow-up, medical therapy, and urologic procedures. For most patients, clinical data were collected through full review of medical charts. In other cases, clinical features were obtained through a detailed questionnaire. Episodes of urolithiasis were defined as one of the following: (1) Spontaneous stone expulsion, (2) renal colic, or (3) radiologic detection of a new stone. Renal function was estimated using the Modification of Diet in Renal Disease (MDRD) Study formula. 37 Data were collected from time of diagnosis of APRT deficiency to last follow-up available. Two patients, one from family 7 38 and one for whom molecular study could not be performed, 39 were previously reported.
Laboratory Tests
Crystalluria examination and renal biopsy studies were performed by light microscopy using a polarizing microscope, and stone analysis combined morphologic examination by stereomicroscope and infrared spectroscopy, as previously reported by our group. 20, 21 Crystals in renal biopsies were identified by polarizing microscopy from frozen biopsies or biopsies included in a paraffin matrix. Briefly, 5-m tissue slices were spread out on a calcium fluoride plate and directly examined using a Fourier transform infrared microscopy. 40 APRT enzyme activity was measured in erythrocyte lysates using radiolabeled 14 C-adenine in a chromatographic assay using the same method as previously reported. 41, 42 Aprt Gene Analysis Mutation analysis of the aprt gene was performed after written informed consent from the patient, using a PCR and sequencing. Genomic DNA was isolated from 5 ml of whole blood using a Wizzard Genomic DNA purification kit (Promega, Madison, WI). The coding region and flanking sequences of the five aprt exons were amplified with the PCR system using Platinum Pfx DNA polymerase (Invitrogen, Carlsbad, CA). The PCR was performed in a 25-l volume containing 50 mM Tris-HCl (pH 8.0), 50 mM KCl, 1 mM dithiothreitol, 0.1 mM EDTA, 1 mM MgSO 4 , 300 M of each dNTP, 0.6 M of each primers (sequences of primers are given in Supplemental Table 1), 0.4 U of Pfx DNA polymerase, and 225 ng of genomic DNA. The conditions used for PCR amplification were an initial denaturation phase at 95°C for 2 minutes followed by 35 cycles at 95°C for 15 seconds, annealing at 59 to 69°C for 30 seconds (Supplemental Table 1 ), and extension at 70°C for 30 seconds, followed by a final step of 5 minutes at 70°C. The amplified fragments were purified using QIAquick PCR purification (Qiagen, Hilden, Germany) and sequenced directly using the same primers as for the PCR. Sequences were compared with the theoretical sequence of aprt gene using Serial Cloner software. The nomenclature for the description of sequence variants was as recommended by Den Dunnen and Antonarakis 43 and the Human Genome Variation Society (http://www.hgvs.org/mutnomen/). The References for gene annotation were Broderick et al. 12 and Chen et al. 13 We evaluated the frequency of the IVS4 ϩ 2insT in a control population from the newborn screening program for treatable genetic, endocrinologic, metabolic, and hematologic diseases performed at Necker Hospital by the Fédération Parisienne pour la Prévention et le Dépistage des Handicaps de l'Enfant (FPDPHE). The board of directors of FPDPHE, the Comité de Protection des Personnes, and the ethics committee of Necker Hospital gave their consent for the genetic testing of IVS4 ϩ 2insT in this control population.
The screening of IVS4 ϩ 2insT was performed from heel blood blotted onto filter paper. A total of 102 individuals were tested for the presence of this mutation corresponding to 204 chromosomes. For each individual tested, two dishes of 3 mm in diameter from the heelblood samples on a filter paper card were punched. The dishes were washed three times with 1 ml of NaCl 0.9%. Then the dishes were treated with 150 l of NaOH 10 mM and heated for 10 minutes at 100°C; after cooling, the PCR was performed for IVS4 ϩ 2insT detection.
Statistical Analysis
Results were expressed as numerical values and percentages for categorical variables and as median and 25th and 75th centiles for continuous variables, except crystalluria results, which were expressed as mean crystal numbers Ϯ SEM.
